Background. Despite the benefits of antiretroviral therapy (ART), tuberculosis (TB) is the leading cause of mortality among human immunodeficiency virus (HIV)-infected persons in Africa. Nigeria bears the highest TB burden in Africa and second highest HIV burden globally. This long-term multicenter study aimed to determine the incidence rate and predictors of TB in adults in the Harvard/AIDS Prevention Initiative in Nigeria (APIN) and President's Emergency Plan for AIDS Relief (PEPFAR) Nigeria ART program.
HIV, the second highest HIV burden globally [1] . The first national tuberculosis (TB) prevalence survey by the National TB and Leprosy Control Programme (NTBLCP) in 2012 resulted in adjustment of Nigeria's 2013 TB prevalence estimate to 570 000, ranking it the highest TB burden country in Africa [2] . The survey also led to the downward revision of Nigeria's TB case detection rate to 16%, the poorest of all high TB burden countries.
Tuberculosis is the leading cause of mortality among HIV-infected persons in Africa; the relative risk of developing TB is approximately 20 times greater in HIV-infected persons than in HIV-uninfected persons [3] . Although antiretroviral therapy (ART) reduces TB risk in HIV-infected individuals by 67% [4] , incidence remains higher among HIV-infected patients receiving ART than among the HIVuninfected population [5, 6] , and HIV/TB-coinfected individuals have an increased risk of mortality [7] [8] [9] . Compounding the problem, TB diagnostics lack sensitivity among HIV-infected patients [10] and drug-resistant TB is a growing problem [11] .
Through funding from the President's Emergency Plan for AIDS Relief (PEPFAR), the Harvard T.H. Chan School of Public Health collaborated with the AIDS Prevention Initiative in Nigeria (APIN) to support delivery of ART to over 100 000 HIV-positive patients from 2004 to 2012. There have been no multicenter studies assessing the incidence rate of and risk factors for TB among patients receiving ART in Nigeria, and few studies were conducted in other low-and middle-income countries (LMIC). Our objectives were to determine the incidence rate of TB and its temporal trends and to identify demographic and clinical risk factors for incident TB among ART patients.
METHODS

Study Design and Participants
We conducted a retrospective cohort study using electronic data collected as part of routine clinical care by the Harvard/APIN PEPFAR Nigeria program [12] . Human immunodeficiency virus care and treatment conformed to Nigeria's national standards. In the early years of the program, ART was initiated in HIV-infected patients with CD4 + cell count <200 cells/mm 3 or with symptoms and CD4 + cell count <350 cells/mm 3 . In 2010, eligibility criteria expanded to include CD4 + cell count <350 cells/mm 3 regardless of symptoms. After ART initiation, patients were scheduled for routine clinical visits at 3 and 6 months and, if stable, every 6 months thereafter. At each visit, TB symptom screening, physical examination, and relevant laboratory tests, including CD4 + cell count, viral load (VL), hematology, and chemistries, were performed, as previously described [13] .
We evaluated data from HIV-1-infected, antiretroviral-naive adults (age ≥15 years) who initiated ART on a standard firstline zidovudine (AZT)-or tenofovir (TDF)-containing regimen. Because AZT and TDF were introduced into the program mid-2005, these patients enrolled on ART between May 2005 and November 2010 and had at least 15 months of follow-up observation, with data available through February 2012. Patients who did not provide written informed consent for their data to be used for research were not included. Our final cohort included patients from 30 ART sites in 9 of 36 Nigerian states: Benue, Borno, Enugu, Kaduna, Lagos, Plateau, Ogun, Oyo, and Yobe.
This study was approved by the institutional review board (IRB) at Harvard, and all consent forms were approved by the IRBs at Harvard, APIN, and all affiliated sites.
Tuberculosis Screening and Diagnosis
Tuberculosis management followed the Nigerian national guidelines of the NTBLCP [14] . Upon entry into the program and at ART initiation, all patients underwent TB testing with chest radiography and acid-fast bacilli (AFB) microscopy, which required collection of 3 sputum specimens over 2 consecutive days, assisted by symptom assessment (current cough, night sweats, weight loss, fever, and history of contact with a person with chronic cough). At all subsequent clinic visits, patients were routinely clinically screened for TB, and those with symptoms suggestive of TB were tested with sputum AFB microscopy and chest radiography, as described above. All AFB smearpositive cases were diagnosed as active TB. If smear-negative, the treating clinician made a diagnosis of TB based on clinical symptoms and radiologic and histologic results. Mycobacterial culture was not routinely available. Extrapulmonary TB cases were diagnosed based on general TB and organ-specific symptoms, assisted by sputum AFB testing and histology, as available.
The date corresponding to the first clinical record indicating a positive pulmonary or extrapulmonary TB diagnosis or receipt of TB treatment at a PEPFAR center or an outside TB center (ie, national directly observed treatment, short course [DOTS] center) was designated as the initial TB date. For this analysis, "prevalent TB" was defined as a case with an initial TB date 6 months before or up to 3 months after ART initiation. "Incident TB" was defined as a case with an initial TB date after the first 3 months on ART.
Data
Clinical variables were collapsed into categories based on relevant thresholds for the regression analysis. Body mass index (BMI) was grouped into 5 World Health Organization (WHO)-defined categories ( Table 1) . Anemia was defined using WHO-recommended hemoglobin cutoffs: nonanemia (≥12 g/dL for women and ≥13 g/dL for men), mild/moderate anemia (8-11.9 g/dL for women and 8-12.9 g/dL for men), and severe anemia (<8 g/dL) ( pregnancy was not differentiated) [15] . Time-updated VLs were categorized as suppressed (≤400 copies/mL) or unsuppressed (>400 copies/mL) throughout follow-up. Using pharmacy prescription electronic refill records, which have been shown to be a valid proxy [16, 17] , average percentage ART adherence was calculated as number of days supplied over total days in each time interval, adjusting for leftover medication. Adherence categories were based on previously published conventions: ≥95%, 80%-94.9%, and <80% [18] [19] [20] .
Body mass index, CD4 + cell count, VL, and hemoglobin at enrollment were the measurements closest to month 0 and examined as fixed variables in bivariate analyses only. Time-updated BMI, CD4 + cell count, VL, and hemoglobin used the recorded values closest to the start of each evaluated time interval. Average percentage adherence during a given time interval was evaluated for associations with incident TB in the subsequent time interval.
Statistical Analysis
All statistical analyses were performed using Stata version 13.1 (StataCorp, College Station, TX). Tuberculosis incidence rates were calculated as the number of new cases of TB divided by total person-years (PY) at risk, and expressed per 1000 PY. Because a TB diagnosis within the first 3 months of ART was defined as a prevalent case, time at risk for incident TB began at month 3, the effective baseline for the risk analysis, and ended on either the date of the first recorded TB diagnosis, for those who developed incident TB, or the date of the last recorded ART pick-up, for those who were never diagnosed with TB during the observation period. Censoring of patients occurred at discontinuation from the program due to death, transfer, withdrawal, or loss to follow-up, or at the end of data collection on February 29, 2012. The Kaplan-Meier estimator of the survivor function was used to generate a TB-free survival curve. Annual prevalent TB rates were calculated as the number of patients with TB at ART initiation divided by the total number of patients initiating ART each year. Cox proportional hazards models were generated to evaluate risk factors for incident TB during ART. For the time-dependent data set, the first follow-up interval started at month 3 and ended at month 6, and all intervals thereafter were 6 months. The log-rank test was used for bivariate analyses, and variables with P ≤ .20 were considered for inclusion in multivariate Cox models.
For multivariate analyses, treatment site was used as a cluster variable. All variables with P ≤ .05 in the multivariate analyses and additional clinically relevant variables were retained in the final models. Clinically plausible interactions were tested, revealing significant interactions between sex with BMI and sex with anemia, which were included in the final models. The proportionality assumption was tested for each predictor by graphing the survival functions and using Schoenfeld residuals.
Missing data ranged from 0% (for sex, treatment site, enrollment year, initiating ART regimen) to 31.6% (hepatitis C) for baseline characteristics. Imputed baseline variables included age, education, income group, marital status, HIV risk factor, WHO stage, hepatitis B, hepatitis C, and height. Imputed time-updated variables included weight, CD4 + cell count, VL, and hemoglobin. To address potential bias resulting from missing data, 10 imputed datasets were created in which missing values for fixed and time-updated variables were imputed using the "two-fold" fully conditional specification algorithm [21] . Multivariate analyses were performed using both complete cases and following multiple imputations.
RESULTS
A total of 50 320 HIV-1-infected ART-naive adults initiated treatment on a standard first-line AZT-or TDF-containing regimen between May 2005 and November 2010 ( Figure 1 ). Of those patients, 11 092 (22.0%) had active TB disease at ART initiation and were excluded from the incidence rate and risk factor analyses. Of the patients who were TB-negative at ART initiation (39 228), 6617 (16.9%) patients discontinued ART before 3 months, and they also could not be assessed for incident TB. The prevalent TB and discontinued patient groups were compared with included patients, and both groups had higher likelihoods of being male and having regimens containing efavivenz (vs nevirapine) and TDF (vs AZT), advanced WHO clinical stage, lower BMI, CD4 + cell count ≤100 cells/mm 3 , VL > 100 000 copies/mL, and severe anemia at ART initiation (Figure 2 ). From 45.6 cases per 1000 PY (95% CI, 42.9-48.5) in Year 1, TB incidence declined to 6.8 cases per 1000 PY (95% CI, 3.9-11.7) by Year 6. The probability of TB-free survival for patients who did not have TB at ART enrollment decreased from 0.96 in Year 1 to 0.90 in Year 6 ( Figure 3) .
The percentage of patients with prevalent TB of total patients initiating ART each calendar year remained relatively steady from 2005 to 2010, averaging 22.6% (range, 7.2%; Figure 4A Figure 4B) . These rates were calculated using all incident TB cases and all PYs at risk for TB in each year. Because early ART is associated with higher TB incidence and later ART with reduced TB incidence, the declining incidence rate partially reflects the temporal shift in the program's patient composition from newly enrolled patients who contributed PYs during early ART to increasing proportions of ART-experienced patients who contributed PYs during later ART.
Risk Factors for Incident Tuberculosis
In bivariate analyses, male sex, HIV transmission risk factor other than heterosexual sex, earlier ART enrollment year, TDF-containing initial ART regimen, advanced WHO clinical stage at ART initiation, hepatitis B virus infection at ART initiation, low BMI, low CD4 + cell count, high VL, anemia, and poor average percentage ART adherence were all associated with increased risk of incident TB ( Table 2) .
It is notable that BMI, CD4 + cell count, VL, and anemia at ART initiation were all significantly associated with incident TB, but their respective time-updated markers all had markedly stronger hazard ratios in bivariate analyses ( Table 2) . Although it had a significant overall P value from the log-rank test, initial VL was not significant at the P = .05 level in any category.
In the multivariate complete case analysis including interactions, earlier ART enrollment year, TDF-containing initial ART regimen, WHO clinical stage 2-4 (symptomatic) at ART initiation, low BMI, low CD4 + cell count, detectable VL, anemia, and average percentage ART adherence below 80% were significant predictors of incident TB. These findings were corroborated in the multiple imputation model.
DISCUSSION
This is the first multisite, programmatic evaluation of TB incidence and risk factors in ART patients in Nigeria. Few others have evaluated TB incidence in LMIC ART programs. Considering those with significant population size and observation time, a South Africa study (n = 7536) reported an overall incidence rate of 42 cases per 1000 PY over a median follow-up of 21.4 months, and a recent Tanzania study (n = 53 056) reported 44 cases per 1000 PY among ART patients over a median follow-up of 24 months [22, 23] . Our incidence rate of 25.8 cases per 1000 PY over a median follow-up of 29.2 months is conservative because we excluded the first 3 months from time at risk for TB; analyses that included the first 3 months reported the highest TB incidence during this period, often attributed to delayed diagnosis and immune reconstitution inflammatory syndrome [5, 7, 22, [24] [25] [26] [27] .
As anticipated, TB incidence declined with duration on ART, which likely reflects the concurrent CD4 + cell count increase and immune reconstitution due to ART [5-7, 22, 25-29] . The high overall prevalent TB rate of 22% is attributed to Nigeria's high TB burden, HIV coinfection of our patient population, and our designation of TB diagnoses within 3 months of ART initiation as prevalent cases. Because TB testing with chest radiography and AFB microscopy assisted by symptom screening was prescribed for all patients initiating ART, our case detection rate for prevalent TB is expected to be high despite Nigeria's poor overall case detection rate. The persistently high rate of prevalent TB throughout the observed PEPFAR program years is reflective of the TB epidemic in the broader Nigerian population, in which the national TB prevalence remained relatively static at approximately 325 cases per 100 000 population according to WHO estimates during those years [2] . In contrast, the annual rate of incident TB declined notably by over 70% in the treated ART population from 2006 to 2011. Although WHO's estimates of Nigeria's national TB incidence rates remained steady at approximately 340 cases per 100 000 population per year during the same period [2] , the downward trend in the TB incidence rate within the PEPFAR ART program reflects the impact of ART on reducing new TB disease in this treated patient population. During these years, Nigeria implemented a national scale-up of comprehensive HIV care programs, significantly bolstered with PEPFAR support beginning in 2004, along with increased collaboration with the national DOTS program.
Even though males comprised a greater percentage of the prevalent TB subset (44.4%) than of the total study population (35.3%; Table 1 ), male sex was not a significant risk factor for incident TB among ART patients after controlling for other variables and interactions. Previous studies were divided in their findings: some found male sex was a significant risk factor for incident TB during ART [7, 23, [25] [26] [27] 30] , and others did not [5, 6, 22, 24, 28] . The WHO reported a global male/female TB notification ratio of 1.6 in 2013 [2] ; possible explanations include differences in access to care, diagnosis, exposure, risk behaviors, and physiology [31] [32] [33] [34] . Despite higher TB notification rates in men, women may have higher rates of progression from TB infection to disease and mortality [31] . The gender disparities in both TB risks and outcomes are complex and worthy of further investigation.
Previous studies reported that poor immunologic and/or virologic status, low BMI, and anemia were associated with incident TB among ART patients [5-7, 22-30, 35-38] . We found that CD4 + cell counts are significant predictors of TB and that values closer to time of TB diagnosis were stronger predictors of incident TB than baseline CD4 + counts; patients with CD4 + cell counts >350 cells/mm 3 had one third the risk of developing TB by their next visit compared with those with CD4 + cell counts ≤100 cells/mm 3 . Although studies in South Africa and Spain found no independent association between VL and incident TB [5, 28, 37] , we found that patients with unsuppressed VL had a 25% higher risk of developing TB than those with suppression. In our study, nutritional status was highly correlated with incident TB: severely underweight patients had 4 times the risk and obese patients had half the risk of developing TB compared with patients of normal weight. Furthermore, patients with severe anemia had 4 times the risk of developing TB by their next visit than those without anemia.
To our knowledge, this is the first TB incidence study to show that time-updated ART adherence (<80%) was a continuous significant predictor of TB. Two smaller studies in Mozambique and Nigeria reported an association between adherence evaluated once and incident TB [35, 38] , but the large Tanzania study found no association between time-updated adherence with incident TB [23] . Given that ART reduces TB incidence, it is necessary to include time-updated continuous measures of adherence throughout a patient's follow-up in assessing TB risk. Because ART adherence has been correlated with better virologic outcomes [39] , poor adherence likely increases susceptibility to TB and other opportunistic infections by impairing virologic suppression and immunologic recovery and inducing development of drug resistance and treatment failure [40] . By incorporating time-updated adherence data into our analyses, we were able to show that monitoring of adherence is crucial for reducing TB risk.
Unlike previous studies, we found significant interactions between sex with BMI and anemia in multivariate analyses. An examination of these interactions revealed that underweight males had higher TB risk than underweight females, and, similarly, anemic males had higher TB risk than anemic females. Thus, although male gender alone was not an independent risk factor for incident TB, being both male and either underweight or anemic increased TB risk, and these subcategories may be driving the apparent gender differential in TB incidence. Sex differences in the role of nutrients, including iron and vitamin D, in the immune response to TB have been suggested as possible explanations for differences in susceptibility, and synergetic links between sex hormones and the immune system have been shown [33, 34] . The previously undetected interactions that we found between sex and nutritional status may provide new epidemiologic evidence of biological differences between males and females in immune response to TB, and these results suggest that nutritional interventions, especially for males, may aid in bolstering TB immunity.
As a large observational, retrospective programmatic evaluation, our analysis has inherent limitations. First, our data were limited by missing information; to address this, we performed a separate multiple imputation analysis, the results of which supported our complete case findings, but which assumes data are missing at random. Despite its limitations, the multiple imputation analysis avoided loss of information and addressed possible differences in the incomplete cases. In addition, although TB testing was done in accordance with the national NTBLCP guidelines, which included AFB testing, radiology, and histology, assisted by symptom screening, the possibility of missing TB cases, including extrapulmonary TB whose diagnosis in resource-limited settings relies primarily on clinical symptoms, and misdiagnosed cases cannot be ignored. Furthermore, because patients may present to the clinic at varying stages of TB disease and reporting of test results may lag, the TB diagnosis date is only a proxy for the time of initiation of active TB disease; we used the earliest TB date based on available records. Finally, our data did not allow us to accurately distinguish true reinfections from recurrences in all cases; therefore, we did not include patients with prevalent TB in the incidence analysis and censored patients who developed incident TB after their first occurrence. Additional analyses, in which DOTS records are accessed, might provide greater resolution of reinfections and recurrences, allowing assessment of reinfections and inclusion of patients with prevalent TB in the incidence analysis to augment our findings.
This study also has notable strengths. To our knowledge, this is the first multicenter assessment of TB incidence and risk factors in ART patients in Nigeria, which has the second highest HIV burden and highest TB burden in Africa. Amongst other studies of TB incidence in patients on ART in LMIC, it remains one of the largest in study population, length of patient observation time, microbiologically confirmed TB, and continual measurements of CD4 + cell count, VL, BMI, anemia, and adherence. There has been notable variation among previous studies in reported risk factors and the nature and degree of risk associations due to differences in sample size, duration, methods, and variables included; the large number of patients in our program and follow-up period of over 6 years (32 611 patients observed for a median of 29.2 months totaling 78 228 PY) contribute to its significant statistical power, providing stronger evidence to support the reports that found significant correlations between immunologic, virologic, and nutritional statuses with incident TB. In addition to baseline markers, we examined a number of relevant clinical risk factors as time-dependent covariates for the entire length of each patient's observation period, which is necessary because these markers, like TB risk, vary over the course of ART, and as they fluctuate, TB risk changes accordingly. In addition, this is the first study to show that poor ART adherence is a continuous significant predictor of incident TB, indicating the value of adherence monitoring as a TB intervention. Finally, despite conflicting reports on gender's association with incident TB, this study is the first to report that gender is not an independent risk factor but an effect modifier in the significant associations of BMI and anemia with TB, suggesting gender differences in nutrition's role in TB immunity.
CONCLUSIONS
In conclusion, we found that although prevalent and incident TB rates were high in this Nigerian ART program, the overall TB incidence rate among treated patients decreased significantly over the observed years. In addition to providing stronger evidence for previously identified risk factors of TB in HIVinfected patients, we have presented novel findings on additional predictors and further elucidated the association between BMI and anemia with TB incidence through examination of interactions with gender. Our findings provide valuable information for programs designing health interventions for identifying high-risk patients, clinical and laboratory monitoring, adherence counseling and monitoring, and targeted early diagnosis and treatment.
